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tification of the anatomical features that define an approach, as well as real-time visualization of the surgical pyramid.
METHODS
The method was initially developed with commerciallyavailable hardware for coordinate collection (a digitizer and a frameless navigation system) and software for volume rendering; dedicated neuronavigation software (ApproachViewer, part of GTx-UHN) was then developed. The accuracy of measurements and the possibility of volumetric rendering of surgical approaches simulated in a phantom were compared among three different methods and commercially-available radiological software. In the anatomy laboratory, ApproachViewer was applied to the comparative quantitative analysis of multiple neurosurgical approaches and was used by many surgeons who were untrained for the research method.
RESULTS
The accuracy of ApproachViewer is comparable to commercially-available radiological software. In the anatomy laboratory, the method appears versatile. The system can be easily used after brief training. ApproachViewer allows for real-time evaluation and comparison of surgical approaches, as well as post-dissection analyses of collected data. The accuracy of the method depends on the navigation registration: with a 1-2 mm registration error, it is adequate for evaluation and comparison of most neurosurgical approaches.
INTRODUCTION
Anatomical research is an essential phase of modern surgical innovation and evaluation [1] , especially in an era of technological advancements, leading to the continuous improvement of different surgical approaches and techniques [2, 3] . In the last two decades, different methods have been described for the quantification and comparison of neurosurgical approaches in the anatomy laboratory [4] . A common limitation of currently available research methods is the lack of visualization of the surgical pyramid that anatomically defines a neurosurgical approach ( Figure 1 ) [4, 5] .
Herein, we present a novel neuronavigation based method that allows real-time visualization of the surgical pyramid, as well as quantification of its features and various post-dissection analyses. The development and validation process is described, together with some examples of the application of the method to evaluation and comparison of neurosurgical approaches in the anatomy laboratory.
MATERIALS AND METHODS
Four image-based systems were used to quantify and visualize the surgical pyramid [4, 5] (Figure 1 ) in five simulated approaches ( Figure 2 ). Every simulated approach was quantified 10 times with each research method. Data were then analyzed for intra-and intermethod variability ( Figure 3) . Two of the methods, based on neuronavigation systems, were also used to quantify surgical approaches in the anatomy laboratory.
Computed tomography scan
Computed tomography (CT) scans of phantom and anatomical specimens were performed using a 1 × 1 frame with contiguous slices, both at 1 and 3 mm (Somatom Definition Flash ® , Siemens, Forcheim, Germany). CT was performed at a gantry of 0°, with a scan window diameter of 225 mm and a pixel size of more than 0.44 × 0.44. Images were recorded on a CD in DICOM format.
Quantification methods
The four research methods that were used to quantify and visualize the simulated surgical approaches are: (1) Radiological software (eFilm™); (2) digitizer and 3D rendering software (Autodesk Maya ® ); (3) navigation system and Autodesk Maya ® ; and (4) navigation hardware and a dedicated, new navigation software (ApproachViewer, part of GTx-UHN -GuidedTherapeutics software developed at University Health Network -Toronto, Canada).
Radiological quantification:
Commercially available radiological software that allows visualization in 2D and 3D of DICOM images was used (eFilm™, Merge Healthcare Incorporated) [6] to visualize and quantify the simulated approaches. The superficial and deep surfaces were calculated by dividing them in eight triangles; each triangular area was measured using Heron's formula ( Figure 1 of online additional material). The height of the surgical pyramid was measured with the tool for linear distances ( Figure 2 of online additional material) [6] . Three-D rendering of the approaches was performed, when feasible, using the volume rendering tools [6] ( Figure 3A of online additional material).
Digitizer and Autodesk Maya
® : MicroscribeTM 3DX Digitizer (Immersion Corporation, San Jose, CA, United States) consists of a base and digitizing arm with five degrees of freedom that terminates in a fine tip stylus (Figure 4 of online additional material). When the stylus tip is placed on a surface and a button is pressed, the Cartesian coordinates (x, y, z) of the point are recorded and stored in a computer as a text file. The digitizer mean accuracy is 0.23 mm [7] -0.5 mm [8] .
Commercially-available software for image-based modelling and rendering (Autodesk Maya ® ) was used to build a 3D model of surgical approaches using collected coordinates (see Figure 3B of online additional material). MEL Script and Python programming languages were used to create a plug-in to import the coordinates into Autodesk Maya ® . The resulting model could be manipulated in 3D and allowed visualization from any view. Using MEL, a script was created to measure: (1) Distance: The height of the truncated pyramid was calculated as the distance between the center points of the superficial and deep areas. The center points were determined by the centre of mass equation, using the 8 coordinates collected along the border of both superficial and deep surfaces; and (2) Area: The area Figure 2 A phantom was used to evaluate the accuracy of the methods used to quantify the surgical pyramid. Three funnels were positioned inside a radiotherapy mesh plastic mask to simulate a total of five different surgical approaches: Small funnel, simulating a narrow and short approach; medium funnel (asterisk), simulating two different approaches, with the same superficial area and different deep areas, at distinctive distances from the surface; large funnel, simulating two approaches, with the same superficial area and different deep areas, at the same distance. Round, one-millimeter metallic markers were positioned over the mask as reference points for neuronavigation registration (black arrow). A reference frame (white arrow) was attached to allow the use of navigation systems (see text for further details).
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Quantification of height, deep and superficial areas of surgical pyramid of 5 simulated approaches in phantom (× 10) Doglietto F et al . Novel method for neurosurgical approaches quantification additional material). A screenshot of each point of interest was recorded using a commercially-available frame grabber (VGA2USB LR frame grabber, Epiphan, Ottawa, Canada) (see Figure 6 of online additional material). The coordinates were recorded on an Excel sheet, and then imported and elaborated in Autodesk Maya ® , as described above.
ApproachViewer: Dedicated software, called ApproachViewer, part of GTx-UHN (Guided-Therapeutics software developed at University Health NetworkToronto, Canada), was developed to visualize the surgical pyramid inside the head in which the approach was being performed.
The used navigation hardware by NDI (Northern Digital Imaging ® , Waterloo, Ontario, Canada) included:
was calculated using the triangulation method. A vector was drawn to each of the 8 registered points from the center of mass equation. Two adjacent points along with the center formed a triangle, for a total of 8 triangles. Each triangular area was measured using Heron's formula.
Neuronavigation system and Autodesk Maya
In the first phase of this study, we used a prototype created by Storz Company for ENT surgery (Karl Storz ® ENT navigation system -Tuttlingen, Germany). The registration was based on four-point collection and neuronavigation was allowed when the mean registration error was less than 2 mm. This neuronavigation system provided the on-screen coordinates of a given point in millimeter values, including decimals ( Figures 5 and 6 Circumferential points of the superficial and deep surfaces of each funnel were collected using the pointer tool. The surface points were then projected to the best plane fit using linear least squares. Delaunay triangulation was used to generate triangles on the plane and Heron's formula applied. The height of each funnel was measured as the distance between the center of the superficial and deep surfaces. [9] . In addition, Brown-Forsythe tests for homogeneity of variances (HOV) were performed by comparing ApproachViewer to the other quantification methods. The level of significance for Brown-Forsythe test was set at 0.05.
Data collection and statistical analysis
The
Anatomical dissections
Anatomical dissections and data collection were performed at the University of Toronto Surgical Skills Centre at Mount Sinai Hospital. REB approval was obtained (UHN REB number: 09-0130-T) ( Figure 6 of online additional material).
Dissections were performed under 3 to 40 microscopic magnifications (Carl Zeiss ® Surgical Microscope) and with 0º and 30º, 4 mm endoscopes (Karl Storz ® -Tuttlingen, Germany). Various microsurgical and endoscopic approaches to the skull base and to certain intracranial areas were performed. In the first phase of this study, they were quantified with a commercially-available neuronavigation system connected to a frame grabber and coordinate elaboration with Autodesk Maya ® , as described above. In the second phase of the study, ApproachViewer was always used. Table 1 summarizes the results of the quantification of height, deep, and superficial areas of the phantom funnels with all 4 methods. CVs were less than one in all cases, indicating that all methods have low variance distributions.
RESULTS
Comparative analysis
The Brown-Forsythe tests showed that variances of ApproachViewer quantifications were homogeneous with those of the other methods, with two exceptions. Homogeneity of variances (HOV) was not verified comparing ApproachViewer to the digitizer for either medium or large funnels heights. On the contrary, HOV was statistically valid comparing ApproachViewer to e-Film and Storz navigation quantifications (P < 0.05). 
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3D visualization
Anatomical dissections
Figures 4B and 6 show 3D rendering of surgical approaches that were quantified with both navigationbased research methods (i.e., navigation system and Maya ® software; ApproachViewer -GTx-UHN) in the anatomy laboratory (see also Figures 7 and 8 of online additional material for examples of rendering with the navigation system and Maya ® software). The mean time to obtain the 3D rendering of an approach with the navigation system and Maya ® software was approximately 2-4 min for coordinate collection (8 points for each of the surfaces were collected; 2 people were needed), 3-8 min for coordinates registration in an Excel file (whether performed by one or two people), and 5 min for rendering with Maya ® . The mean time to obtain the 3D rendering of an approach with ApproachViewer was 2 min, i.e., the time needed to collect multiple points both at the deep and superficial surface. Rendering was therefore immediate with ApproachViewer, while it was possible only after the laboratory session with the previously developed system.
Additional features were developed with ApproachViewer, which was the only system that allowed visualization of approaches taking place inside the head in which they were performed. Areas of interest were contoured: ApproachViewer automatically calculated the absolute and percentage value of the area included in a specific approach (Figure 7 ). This feature was used in the post-dissection phase of anatomical studies (ApproachViewer guide 1.0 for further details, available from the corresponding author). 
DISCUSSION
Comparative analysis
The comparative analyses documented a satisfactory, limited variation in the calculated data for each of the research methods, according to their CVs. Variation was more significant when different research methods were compared. We believe that this variability is due to different reasons, as recently reported by Ammirati's group [9] , possibly including different registration errors, varying methods to calculate the areas, and differing methods to collect the coordinates.
A digitizer is possibly the instrument for coordinate collection with the lowest error (0.23 mm [7] -0.5 mm [8] ). Its role in the analysis of surgical approaches is, however, limited by the physical constraints caused by its dimensions and desktop-based nature. The only statistically significant differences between the different methods were most probably due to the difference in coordinate collection, due to the physical constraints caused by the digitizer arm. Frameless navigation systems might have relatively higher errors, but have the advantage of high flexibility for coordinate collection, and have therefore been used extensively in recent anatomical studies [4] . The registration error of neuronavigation can be decreased using well recognizable registration points, such as screws that can be positioned around the area of interest [9] .
3D visualization and quantification
The research method based on the use of a commerciallyavailable navigation system and Maya ® 3D rendering software provided 3D visualization and quantification of the truncated surgical pyramid that defines a surgical approach. A visual comparison of different approaches was therefore possible (Figure 4B ), but to provide the correct orientation in space of each surgical pyramid a common registration had to be provided (i.e., three fixed points were registered during each session). This system, which was developed in 2009, provided for the first time the visualization in 3D of the surgical approach. The method is similar to others that have been recently published [4] . An evident practical limit of the method was the lengthy data elaboration process, which included manually copying the coordinates from each screenshot in an Excel sheet and manually superimposing the registration points in the 3D rendering of the pyramid. These issues may have been partially resolved, but the main limit that stopped us from further developing this research method was the impossibility of automatically visualizing the head in which the coordinates had been collected. It would have been possible to manually superimpose surgical volumes and CT images, but this would have introduced another possible cause of error and bias.
ApproachViewer in the anatomy laboratory
ApproachViewer was therefore developed as it allows visualization of the surgical volume inside the specimen in which the approach has been performed.
A new feature was then developed to further advance the objective evaluation of neurosurgical approaches. Once dissection sessions are over, areas of interest can be contoured. The software then allows the automatic quantification of absolute and percentage values of the area of interest that is included in each surgical approach ( Figure 7 and ApproachViewer guide 1.0). We believe that this brings to reality a research method that was foreseen by Andaluz et al [5] more than 10 years ago:
"We envision the ideal comparison between approaches as a volumetric analysis of truncated pyramids with polyhedral bases, with a special interest in the top of the pyramid. The incremental presence of computer-assisted devices in cranial base laboratories may some day bring this near-science-fiction concept into real numbers". When compared to other research methods based on navigation systems, ApproachViewer provides quantifications with the same precision, direct visualization of the surgical pyramids, and the possibility of using tools to measure areas of sections of the pyramids and to measure the distances between them to obtain heights (such as the middle surface of the medium funnel in the present study, which could not always be obtained with other methods). Compared to how we started, when we had to manually transcribe each coordinate into a separate database, which would then be elaborated, ApproachViewer is incredibly more user-friendly and faster, with automatic recording and calculations of pointer movements and positions, and thus automatic determination of pyramid dimensions and volumes. Use of the system should be intuitive to neurosurgeons who use any neuronavigation system in their surgical practice, as the same instruments, reflective spheres, and stereoscopic camera are used. Moreover, the system was used extensively by surgeons and medical students at the University of Brescia: Its use appears to be intuitive and easy to use (see ApproachViewer guide 1.0), although further studies are necessary to confirm these preliminary data.
The group led by Ammirati has recently described a method that allows visualization and quantification of the volume of a surgical approach [4, 10] . The method is based on filling the surgical cavity with fat and CT scanning after dissection; the volume is then quantified with neuronavigation software. The main limit of the method is the need for post-dissection CT after each approach is performed [4] , while ApproachViewer allows the collection of multiple data in a dissecting session without the need for multiple CT scans. On the other hand, it quantifies the surgical pyramid defined by a deep area and superficial one, which need to be defined before the dissections are performed.
The potential applications of ApproachViewer are multiple: (1) It provides a user-friendly method to quantify and therefore compare different surgical approaches; (2) as the working volume of the approach is immediately visualized on a screen, it can provide Doglietto F et al . Novel method for neurosurgical approaches quantification immediate feedback to a surgeon in training; and (3) the quantification of the working space has important implications for the development of angled instruments, especially for endoscopic skull base surgery.
In the past few years ApproachViewer has been systematically applied to the analysis of multiple skull base approaches: Some results have already been published [11] [12] [13] [14] . All these potential applications require specific studies, possibly by multiple centers.
We have developed and validated a new, navigationbased tool for anatomical research in neurosurgery. ApproachViewer (part of part of GTx-UHN -GuidedTherapeutics software developed at University Health Network -Toronto, Canada) provides the possibility of multiple data collection during dissection sessions, as well as various post-dissections analyses, including 3D rendering of the surgical volume, quantification of the anatomical features that define a surgical approach, and of the area of interest exposed.
COMMENTS
Background
Anatomical studies are an essential part of the preclinical phase of surgical research. They can provide objective, quantitative, comparative data that can be used to evaluate novel surgical approaches and techniques.
Research frontiers
Different research methods have been described to quantify and compare different surgical approaches and most of them do not provide visual rendering and quantification of the surgical pyramid, which is the working volume that defines a neurosurgical approach.
Innovations and breakthroughs
This study describes the development and validation of a novel neuronavigationbased method, which allows the quantification of the anatomical features that define an approach, as well as real-time visualization of its surgical pyramid.
Applications
ApproachViewer has already been extensively used in the anatomy laboratory to quantify and compare different neurosurgical approaches. It provides a real-time visualization and quantification of the surgical pyramid. Possible applications include not only the preclinical quantification of surgical approaches, but also: (1) Immediate feedback to surgeons in training in the anatomy laboratory during dissections; (2) Detailed analysis of the surgical volume for the development of new surgical instruments; and (3) Quantification of the working volume in clinical scenarios.
Terminology
Neuronavigation: Computer-assisted technologies used to guide or "navigate" within the intracranial space.
Peer-review
The exposition is well conducted and the topic is very interesting.
